Methylococcus capsulatus grows only on methane or methanol as its sole source of carbon and energy. Some amino acids serve as nitrogen sources and are converted to keto acids which accumulate in the culture medium. Cell suspensions oxidize methane, methanol, formaldehyde, and formate to carbon dioxide. Other primary alcohols are oxidized only to the corresponding aldehydes. Oxidation of formate by cell suspensions is more sensitive to inhibition by cyanide than is the oxidation of other one carbon compounds. This is due to the cyanide sensitivity of a soluble nicotinamide adenine dinucleotide-specific formate dehydrogenase. Oxidation of formaldehyde and methanol is catalyzed by a nonspecific primary alcohol dehydrogenase which is activated by ammonium ions and is independent of pyridine nucleotides. Some comparisons are made with a strain of Pseudomonas methanica.
As a continuation of our investigations on the physiology of microorganisms with a restricted metabolism, such as the obligate phototrophs (13, 14) and lithotrophs (19) , we have initiated a study on some methane-oxidizing bacteria. Most methane-oxidizing bacteria may be regarded as "obligate methylotrophs" since they can grow only on methane or methanol as sole sources of carbon and energy. Pseudomonas methanica (6, 16) , Methanomonas methanooxidans (4), and Methylococcus capsulatus (8) display these characteristics. More recently, additional isolates of diverse morphology have been described (5, 11, 21, 22) . The present paper describes some of the physiological properties of M. capsulatus with particular reference to the oxidations of formate, formaldehyde, and primary alcohols. Some comparisons are made with P. methanica. A preliminary account of part of this work has been published (R. Patel, D 15 days. For routine use, the organisms were maintained in liquid medium under methane and air. M. capsulatus was grown at 37 C; P. methanica was grown at 30 C. Methane, with at least 99% purity, was purchased from Phillips Petroleum Co., Bartlesville, Okla.
Growth of organisms. Cultures were grown in Erlenmeyer flasks (2 liters) containing 300 ml of medium. Flasks were fitted with rubber stoppers with a glass tube and clamp for gassing. Flasks were partially evacuated, refilled with methane to atmospheric pressure by using a gas manifold and manometer, and incubated at 37 C on a rotary shaker. If cultures were grown with methanol, the gas phase was air, and the final concentration of methanol was 0.5% (v/v). Cultures were also grown on a larger scale in 14-liter carboys containing 6 liters of medium under methane and air. Cultures were grown for 3 days from a 10% inoculum of a culture in exponential growth. Growth of cultures on different media was determined by measuring turbidity in Erlenmeyer flasks fitted with side arms which could be inserted into a Klett colorimeter. A no. 42 filter (transmission at 400 to 500 nm) was used.
Experinments with cell suspensions. Cells were harvested by centrifuging for 15 min at 12,000 x g and were washed twice in 50 mM potassium phosphate buffer (pH 7.0). Cells were suspended in the same buffer to a turbidity reading of 500 in the Klett colorimeter. Standard manometric procedures were used to follow respiration in cell suspensions. Warburg flasks contained, in a total volume of 3 ml, 0.5 ml of cell suspension (ca. 4 Keto-acids were estimated in culture filtrates as the dinitrophenylhydrazone derivatives (18) and were identified by paper chromatography of their dinitrophenylhydrazone derivatives (1 The rate of NAD+ reduction was followed at 340 nm in a Beckman DU-2 spectrophotometer and Gilford recorder.
Alcohol dehydrogenase was assayed either manometrically with phenazine methosulfate as electron acceptor (2), or spectrophotometrically with phenazine methosulfate and 2, 6-dichlorophenol indophenol (DCPIP; reference 3). The same assays were used to measure formaldehyde oxidation. Formaldehyde (free of methanol) was generated from paraformaldehyde by heating solutions (0.1 M) in a closed tube for I hr in a boiling-water bath.
RESULTS
Growth of Methylococcus capsulatus. Methane and methanol were the only compounds which supported growth of M. capsulatus. The optimal temperature for growth was 37 C, and the doubling time was 6 hr and 8 hr with methane and methanol, respectively, as sole carbon sources. Other C-l compounds, including formaldehyde, methylamine, and formate, did not support growth. Addition of organic compounds (2 to 10 mM) to cultures growing on methane or methanol did not increase the growth rate or cell yield. Although other organic compounds were unable to serve as carbon and energy sources, some amino acids were used as nitrogen sources. Growth rates on different nitrogen sources are given in Table 1 . Keto-acids accumulated in the culture filtrates when amino acids were the sole sources of nitrogen. Pyruvate was formed from alanine and cysteine, oxaloacetate and pyruvate were formed from aspartate and asparagine, aketoglutarate was formed from glutamate and glutamine, and a-keto-isovalerate was formed from valine. This suggests that the amino acids were used only as a nitrogen source and not as a carbon source.
Expeniments with cell suspensions. Suspensions of cells grown on methane or methanol oxidized the C-I compounds, methane, methanol, formaldehyde and formate, to carbon dioxide. Formate was oxidized more slowly than methanol or formaldehyde.
Other primary alcohols were only incompletely oxidized. The oxygen uptake per mole of substrate indicated a single-step oxidation to the corresponding aldehydes (Table 2 ). This is contrary to the stoichiometric oxidation of primary alcohols to the corresponding acids reported by Foster and Davis (8) . Formation of the aldehydes was confirmed by colorimetric estimation. Aldehydes were recovered from larger scale experiments and were characterized as their dinitrophenylhydrazone derivatives (Table 3) . Melting points of the derivatives corresponded with values reported in the literature.
Oxidations of methane, methanol, formaldehyde, and formate were inhibited by cyanide. However, the oxidation of formate was more sensitive to cyanide than was the oxidation of the other substrates (Table 4) . This was subsequently shown to be due to the cyanide sensitivity of the NAD+-specific formate dehydrogenase which must be more sensitive to inhibition than the terminal oxidase of the respiratory chain.
Oxidation of formate. Extracts contained a soluble formate dehydrogenase, similar to that (Table 6 ). The stoichiometry for the oxidations of formaldehyde and primary alcohols by extracts of P. methanica is shown for comparison ( Table 7) . Extracts of P. methanica oxidized primary alcohols to the corresponding fatty acids. Methanol and formaldehyde oxidation by extracts of M. capsulatus and P. methanica were compared over the pH range 6 to 10 in the presence and absence of ammonium ions ( Table 8 ). Extracts of both organisms oxidized methanol and formaldehyde at an optimum pH of 9.0 in an ammonium-dependent reaction. However, extracts of P. methanica, unlike M. capsulatus, also oxidized formaldehyde at pH 6.5 in the absence of ammonium. (4) , may be regarded as an "obligate methylotroph." Methane and methanol are the only compounds which serve as sole sources of carbon and energy for growth of these bacteria. M. capsulatus differs from P. methanica in some respects. P. methanica oxidizes primary alcohols to the corresponding fatty acids (16), whereas M. capsulatus oxidizes methanol to carbon dioxide and oxidizes other primary alcohols only to the corresponding aldehydes (Tables  2 and 3 ). These differences may be due to a nonspecific aldehyde dehydrogenase which is present in P. methanica (15) but absent in M. capsulatus. We were unable to show such a nonspecific DCPIP-linked aldehyde dehydrogenase in extracts of M. capsulatus. We were also unable to show a specific formaldehyde dehydrogenase linked to NADI and activated by glutathione in extracts of M. capsulatus, although this enzyme has been found in P. methanica (10) .
The influence of amino acids on growth of M. capsulatus has been studied by measuring increases in colony diameter on petri dishes (7) . A number of amino acids inhibited growth at relatively low concentrations. We did not test amino acids as growth inhibitors. However, it is clear that some amino acids serve as a nitrogen source for growth in liquid media, but are probably not major sources of cell carbon since keto-acids are excreted into the culture medium. M. capsulatus resembles some obligate lithotrophs in its limited capacity to assimilate organic compounds (R. Patel, D. S. Hoare and B. F. Taylor, Bacteriol. Proc., p. 128, 1969). These experiments will be published in more detail later. M. capsulatus seems to be more versatile than P. methanica in using amino acids as nitrogen sources: glutamate, aspartate, and alanine were not used as sole nitrogen sources by P. methanica (16) . Some amino acids, including glutamate, asparagine, and cysteine, were used as sole nitrogen sources by M. methanooxidans (20) .
Oxidation of methanol, formaldehyde, and other primary alcohols is due to a unique ammonium-activated primary alcohol dehydrogenase. Harrington and Kallio (10) studied methanol and formaldehyde oxidation in a methanol-utilizing strain of P. methanica (Iowa strain) which did (Table 6) , and on the effects of pH and ammonium ions on these oxidations ( Table 8 ), indicate that a common enzyme with a high pH optimum catalyzes both methanol and formaldehyde oxidation. It seems more probable that the ammonium-activated alcohol dehydrogenase is the common mechanism of methanol oxidation in bacteria, and that the same enzyme also oxidizes formaldehyde (12) . A subsequent paper will describe the properties of the highly purified alcohol dehydrogenase of M. capsulatus. The enzyme has been shown in a number of methaneoxidizing bacteria (Whittenbury, personal communication) and in several methanol-oxidizing bacteria, including Pseudomonas M27 (3), Pseudomonas AMI (15) , P. extorquens, Protaminobacter ruber (15) , and in several of our own isolates (Mehta and Hoare, unpublished data).
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